Seventeen new 3,4-secograyanoids (1-17), together with seven known compounds (18-24), were isolated from the roots of Pieris formosa. Their structures with absolute configurations were characterized by a series of spectroscopic methods and X-ray diffraction. Compounds 1, 2, 4-8, 10-13, and 16-24 exhibited significant analgesic activity at 5.0 mg kg À1 (ip) compared to vehicle-injected mice (p < 0.05).
Introduction
Grayanoids, a special type of diterpenoid, exist exclusively in the Ericaceae family with diverse structures and wide bioactivities. To date, almost two hundred grayanoids with eleven carbon skeletons, including grayanane, 2,3 1,5-secograyanane, 4 3,4-secograyanane, 5 9,10-secograyanane, 6 1,10:2,3-disecograyanane, 7 kalmane, 8 1,5-secokalmane, 9 leucothane, 10 micranthane, 11 mollane, 12 and rhodomollane, 13 have been reported. Notably, 3,4-secograyanane is a rare type of grayanoid, and only seventeen 3,4-secograyanoids have been isolated and characterized. Several grayanoids display analgesic and insect antifeedant activities.
Pieris formosa (Wall) D. Don, a traditional Chinese medicine, has been used to treat tinea and scabies.
14 In previous phytochemical investigations of P. formosa, een grayananes and three diterpenes with an unusual carbon skeleton were isolated and characterized, and most compounds were found to exhibited an analgesic effect. 15, 16 In our on-going efforts, biological and chemical guided fractionation led to the isolation of seventeen new 3,4-secograyananes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , together with seven known 3,4-secograyanoids (18-24) (see Fig. 1 ). Herein, we report their isolation, structural elucidation, and bioactivity. The main text of the article should appear here with headings as appropriate.
Results and discussion

Biological and chemical guided fractionation and isolation of the roots of P. formosa
The fractionation and isolation procedures were guided by acetic acid-induced writhing test and online HPLC/UV/ESIMS 2 analyses. The roots of P. formosa were extracted with 95% EtOH and the evaporation of the solvent under reduced pressure subsequently yielded a black residue. The residue was mixed with diatomite (1 : 2) and Soxhlet was successively extracted thereaer using a gradient of petroleum ether, CH 2 Cl 2 , EtOAc and CH 3 OH. Acetic acid-induced writhing test showed analgesic activity for the CH 2 Cl 2 portion (D) and the EtOAc portion (E), with 20% and 25% writhe inhibitions (100 mg kg À1 , op), respectively. Subsequently, the CH 2 Cl 2 portion (D) and the EtOAc portion (E) were applied to a macroporous resin D101 column and eluted with a gradient of 30% EtOH-H 2 O, 50% EtOH-H 2 O and 70% EtOH-H 2 O, to yield three fractions, respectively (D1-D3, and E1-E3). Fractions D1, D2, E1, and E2 showed analgesic activity with 20%, 33%, 73%, and 41% writhe inhibition (100 mg kg À1 , op), respectively. Fractions D1 and D2
were separated through a polyamide column and eluted with tions E1a, E1b, and E2a (see Fig. S4 -S6 †), characteristic of the highly hydroxylated grayanane diterpenoids. Finally, seventeen new 3,4-secograyanoids (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , together with seven known 3,4-secograyanoids (18) (19) (20) (21) (22) (23) (24) , were isolated from the fractions D1a, D2a, D2b, E1a, E1b, and E2a by a combination of different chromatographic methods. Acetic acid-induced writhing test showed that compounds 1, 2, 4-8, 10-13, and 16-24 exhibited signicant analgesic activity at 5.0 mg kg À1 (ip). 3 ) and HSQC spectra revealed the presence of four spin systems: C(1)H-C(2)H 2 , C(6)H-C(7)H, C(9)H-C(11)H-C(12)H 2 -C(13)H-C(14)H, and a propionyl unit. These structural features suggested that 1 was a highly acylated 3,4-secograyanane. Further HSQC and HMBC experiments (see Fig. 3 ) enabled the full assignments of the 1 H and 13 C NMR spectra of 1. Compound 1 showed the same planar structure as secorhodomollolide D 5 . NOESY correlations (see Fig. 3 ) from H-14 to H-1 and H-12a and from H-6 to H-1, H-14, and H 3 -19 revealed that these protons were a-oriented. In contrast, the NOESY correlations from H-7 to H-9 and H 3 -20, from H-15 to H-9 and H12b, from H 3 -17 to H-12b, suggested that these protons were boriented. Furthermore, the small coupling constant between H-9 and H-11 ( 3 J H9,H11 ¼ 5.0 Hz) in the 1 H NMR spectrum, with the aid of NOESY correlations from H-11 to H-9 and H-12b, indicated that H-11 was b-orientated. To further corroborate the structural assignment and establish the absolute conguration, a single X-ray diffraction [Cu Ka radiation; Flack parameter: 0.00(8)] of 1 (see Fig. 2 ; CCDC: 1548366 †) was successfully carried out, allowing an explicit assignment of the absolute conguration of 1 as 1S, 5S, 6R, 7R, 8S, 9R, 10R, 11R, 13R, 14R, 15R, 16S. Thus, the structure of 1 was dened, and it was named pieristoxinlactone A. Pieristoxinlactone B (2) was assigned the molecular formula C 31 Tables 1 and 2 ) of 2 closely resembled those of 1, with the only difference between the two compounds was a hydroxy group replacing the acetoxyl group at C-11 of 2. The observation of upeld shi of H-11 (Dd H 1.69) and C-11 (Dd C 5.8) of 2 compared to those of 1 and the key HMBC correlation from 11-OH to C-11 conrmed the above deduction. The NOESY correlations from H-14 to H-1, H-6, and H-12a, and from H-1 to H 3 -19 and 11-OH, suggested these protons are a-oriented. The NOESY correlations from H-9 to H-7, H-11, H-15, and H 3 -17, and from H 3 -20 to H-7 and 5-OH indicated that these protons are boriented. Thus, the structure of compound 2 was determined and it was given the trivial name pieristoxinlactone B. Pieristoxinlactone C (3) exhibited the molecular formula of C 31 H 42 O 14 , similar to 2, as deduced from the HRESIMS ion (m/z 661.2467 [M + Na] + ). Analysis of the NMR data (see Tables 1 and   2 ) clearly indicated that 3 is closely related to 1. The major differences are that the signals due to an acetyl group was absent, and the resonances for C-13, C-15, C-16, and C-17 were shied by Dd C + 6.3, À1.6, À7.1, and +4.9 ppm, respectively, compared to those of 1. This nding indicated that the acyloxy group at C-16 in 1 was replaced by a hydroxy group in 3. The NOESY correlations from H-14 to H-1, H-6, from H-6 to H 3 -19 and 11-OH, suggested that these protons are a-orientated. The NOESY correlations from H-9 to H-15 and H 3 -17, and from H 3 -20 to H-7 indicated that these protons were b-orientated. Furthermore, NOESY correlations from H-9 to H-11, together with the small coupling constant of H-9 (brs), indicated that H-11 was also b-orientated. Thus, the structure of 3 was established as assigned, and it was named pieristoxinlactone C. showed that its structure was closely related to 1 except for the absent of six acyl groups. A more detailed analysis of the 2D NMR data (see Fig. 3 ) revealed that 4 is based on the same carbon skeleton as 1. The NOESY correlations (see Fig. 3 ) from H-14 to H-1, H-6, and H-12a and from H-6 to H-19 established these protons were spatially and were a-orientated. On the other hand, the NOESY correlations from H-7 to H-9 and H 3 -20, from H-9 to H-15 and H 3 -17, and from H-12b to H-11 and H 3 -17 Tables 1 and 2 ) with those of 4 revealed that they are structural analogues. The only difference between the two compounds was the presence of an acetoxyl group at C-11 of 5 instead of a hydroxy group in 4, which was further conrmed by the HMBC correlation from H-11 to the acetate carbonyl carbon (d C 169.2). Therefore, the structure of 5 was assigned as shown, and it was named pieristoxinlactone E. The molecular formula of 6 was assigned as C 20 H 30 O 8 , by the HRESIMS ion at m/z 421.1831 [M + Na] + and 13 C NMR data.
Characterization of compounds 1-17
Analysis of the NMR data (see Tables 2 and 3 ) indicated that the structure of 6 closely resembled that of 4 with the only difference was the absence of the hydroxy group at C-11 in 6, which was conrmed by the spin system C(9)H-C (11) Tables 2 and 3 ) closely resembled those of pierisoid A 17 except for the location of the propionyloxyl. Key HMBC correlations (see Fig. 3 ) from H-7 to one acetyl carbonyl (d C 170.5) and from H-14 to the propionyl carbonyl (d C 174.8) suggested that one acetyloxyl and the propionyloxyl were connected to C-7 and C-14, respectively. Further HSQC and HMBC experiments (see Fig. 3 ) enabled the full assignments of the 1 H and 13 C NMR spectra of 7 to be carried out. The NOESY correlations (see Fig. 3 ) from H-14 to H-1, H-6, and H-12a established that these protons were located on the same face of the ring, while the NOESY correlations (see Fig. 3 ) from H-7 to H-9 and H 3 -20, from H-9 to H-15 and H 3 -17, and from 5-OH to H-9 and H 3 -20 suggested these protons were on the other face of the ring. However, the chiral quaternary C-4 was in the side chain and its relative conguration couldn't be assigned. Subsequently, an X-ray single-crystal structure of 7 (see Fig. 4 ; CCDC: 1548369 †), obtained using Cu Ka radiation [Flack parameter: 0.04 (7)], not only permitted the unambiguous assignment of the propionyloxyl but also dened its absolute conguration as 1S, 4R, 5S, 6R, 7R, 8S, 9R, 10R, 13R, 14R, 15R, 16S. Thus, the structure of 7, named pieristoxinlactone G, was nally determined. and C-17 of 8 were shied by Dd C +5.5, À8.1, +3.0 ppm, respectively, suggesting the presence of a hydroxy group at C-16 in 8. The NOESY correlations (see Fig. 3 ) from H-9 to H-7 and H-15, from H-15 to H-11b and H 3 -17, from H 3 -17 to H-12b suggested the b-orientation of these protons. The large coupling constant between H-6 and H-7 ( 3 J H6,H7 ¼ 9.0 Hz) in the 1 H NMR spectrum indicated that H-6 and H-7 were in the trans cong-uration. Therefore, H-6 was a-orientated. Moreover, the NOESY correlations from H-14 to H-12a, from H 3 -19 to H-1 and H-6, and from H-1 to 10-OH established these protons to be a-orientated. Thus, the structure of pieristoxinlactone H (8) . 3), and the propionyl carbonyl (Dd C +0.5), suggesting that the propionyloxyl group may connect to C-14 in 9. The key HMBC correlations from H-7 to one acetyl carbonyl (d C 169.5) and from H-14 to the propionyl carbonyl (d C 173.1) conrmed the above assignment. The relative conguration of 9 was assigned as the same as 8 by their similar NMR and NOESY data. Therefore, the structure of 9 was assigned, and it was named pieristoxinlactone I. The molecular formula C 31 H 44 O 14 of 10 was identical to 24, as determined by 13 Tables 2 and 3 ) resembled those of 24, except for the substituents at C-4 and C-16. The observation of the upeld shi of H-13 (Dd H 1.11) and H 3 -17 (Dd H À1.11), and downeld Tables 2 and 4) showed many similarities to those of 23, revealing that these two compounds are homologues, except for the presence of a 4,18-oxirane group in 11. Compared to 23, the C-4 carbon resonance was shielded (Dd C 13.9) and the C-18 carbon resonance was deshielded (Dd C 26.9), suggesting that an oxirane group was present between C-4 and C-18. Moreover, the key HMBC correlations (see Fig. 3 ) from H 3 -19 to C-4 (d C 62.0) and C-18 (d C 52.7) further conrmed this deduction. The NOESY correlations (see Fig. 3 ) from H-14 to H-6 and H-12a and from H 3 -19 to H-1 and H-6 suggested that these protons are spatially close and a-orientated. In contrast, the NOESY correlations from H-9 to H-7, H-15, H 3 -17, and H 3 -20 demonstrated the b-orientation of H-7, H-9, H-15, H 3 -17, and H 3 -20. However, the relative conguration of C-4 still remains uncertain because C-4 was on the side chain. Finally, an X-ray diffraction study using the anomalous dispersion radiation of Tables 2 and 4 ) were similar to those of 11, suggesting that these two compounds were homologues. Compound 13 differs from 11 by substitutions at C-7, C-14, and C-16. The HMBC correlations from H-7 to one acetyl carbonyl (d C 169.6) and from H-14 to the propionyl carbonyl (d C 173.1) suggested that C-7 and C-14 were connected to an acetoxyl and propionyloxyl, respectively. In addition, compared to 11, the resonances of H-13 and H 3 -17 were shied by Dd H À1.15 and À0.24, and the resonances of C-13, C-16, and C-17 were shied by Dd C +5.7, À8.0, and +2.9 ppm, respectively, suggesting a hydroxy group substituent at C-16 in 13. Thus, the structure of 13 was eventually determined, and it was named pieristoxinlactone M. Tables 2 and 4 ) were similar to those of 10, differing only in the presence of a hydroxy group and an oxygenated methylene group (d C 68.4) and the absence of a methyl group in 14. Compared to 10, the C-4 carbon resonance of 14 was shielded (Dd C 12.8), revealing that the hydroxy group substituent was at C-4. Moreover, the HMBC correlations (see Fig. 3 ) from H 2 -19 to one acetyl carbonyl (d C 170.9) and from H 3 -18 to C-4 (d C 76.9) and C-19 (d C 68.4) indicated that the hydroxy group and one acetyl group were placed at C-4 and C-19, respectively. The NOESY correlations (see Fig. 3 Table 5 ) and 10 were similar, suggesting that these two compounds were homologues. pierisformotoxin B (23), 19 and pierisformotoxin A (24), 19 were identied by the comparison of the experimental and previously reported spectroscopic data.
The antinociceptive activities of compounds 1, 2, 4-8, 10-13, and 16-24 were evaluated using an acetic acid-induced writhing test. As shown in Fig. 7a , all evaluated compounds exhibited signicant analgesic activity at 5.0 mg kg À1 (ip) compared to vehicle-injected mice (p < 0.05). In particular, compounds 16 and 17 showed highly potent activities, with writhe inhibition rates of 63.5% and 69.9%, respectively. To further understand the action of the antinociceptive activities of compounds 16 and 17, three doses (5.0, 1.0, and 0.1 mg kg À1 ) were employed in an acetic acid-induced writhing test. The results revealed that 16 and 17 were able to reduce acetic acid-induced writhes in a dose-dependent manner (Fig. 7b) , with ID 50 values of 1.24 and 0.72 mg kg À1 , respectively.
Experimental
General experimental procedures
Optical rotations were measured on an AUTOPOL V polarimeter. IR spectra were recorded using a Nicolet 5700 FT-IR microscope (FT-IR microscope transmission). 1D and 2D NMR spectra were obtained using an INOVA-500 or a Bruker-600 spectrometer. Online HPLC/UV/ESIMS 2 analyses were recorded on an Agilent 1100 Series liquid chromatography system chromatograph. HRESIMS data were recorded on an Agilent 6520 Accurate-Mass Q-TOF LC/MS spectrometer. Preparative HPLC was performed using a Shimadzu LC-6AD instrument equipped with RID-20A and SPD-20A detectors, using a YMCPack RP-C18 column (250 Â 10 mm, 5 mm) or a COSMOSIL packed column (250 Â 10 mm, 5 mm). Column chromatography was performed using polyamide (30-60 mesh, Changzhou Changfeng Chemical Factory, China), macroporous resin D101 (Qingdao Marine Chemical Factory, China), MCI (Mitsubishi Chemical Corporation), and ODS (50 mm, Merck, Germany). TLC was carried out with glass precoated Si gel GF254 plates (Qingdao Marine Chemical Factory, China). Spots were visualized by spraying with 10% H 2 SO 4 in EtOH-H 2 O (95 : 5, v/v) followed by heating. 
Plant material
Roots of
Extraction and isolation
The isolation procedures were guided by acetic acid-induced writhing test and online HPLC/UV/ESIMS 2 analyses as described above. The roots of Pieris formosa (120 kg) were extracted with 95% EtOH (150 l Â 3 h Â 3). The evaporation of the solvent under reduced pressure yielded a black residue (5.0 kg). The residue was mixed with diatomite (1 : 2) and then successively Soxhlet extracted using a gradient of petroleum ether, CH 2 Cl 2 , EtOAc and CH 3 OH. The CH 2 Cl 2 portion (D) and the EtOAc portion (E) were then applied to a macroporous resin 
16
17 
X-ray crystallographic analysis
The crystals of compounds 1, 7, 11, and 14 were obtained from recrystallization in a mixture of solvents (MeOH/H 2 O, 10 : 1) at room temperature. The X-ray crystallography studies of the four compounds were conducted according to the usual procedure (for details, see Tables S1-S4 in the ESI †). The crystallographic data for compounds 1, 7, 11, and 14 reported in this paper have been deposited at the Cambridge Crystallographic Data Centre (deposition No. CCDC 1548366, 1548369, 1548367, and 1548368 † for 1, 7, 11, and 14, respectively).
Animals
All animal care and experimental procedures were in accordance with the current guidelines of the National Institutes of Health (NIH). Animal experiments were approved by the Ethics Committee of Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College.
Acetic acid-induced writhing test
Groups of 8 Kunming mice were used as control and test mice. The mice were given an intraperitoneal injection of 1% v/v acetic acid solution 15 minutes aer the administration of the compounds (blank control received the vehicle, 0.9% NaCl, 5 ml kg À1 , ip; positive control received the morphine, 0.5 mg kg À1 , ip). The mice were placed individually in glass boxes. The numbers of writhes produced in these mice were counted for 20 minutes. For scoring purposes, a writhe was indicated by a stretching of the abdomen with a simultaneous stretching of at least one hind limb.
Conclusions
In summary, herein we have reported seventeen new 3,4-secograyanoids (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , together with seven known compounds (18) (19) (20) (21) (22) (23) (24) , which were isolated from the roots of Pieris formosa. Their structures with absolute congurations were characterized by a series of spectroscopic methods and X-ray diffraction. Compounds 1, 2, 4-8, 10-13, and 16-24 exhibited signicant analgesic activity at 5.0 mg kg À1 (ip) compared to vehicleinjected mice (p < 0.05). In particular, compounds 16 and 17 showed highly potent activities with writhe inhibition rates of 63.5% and 69.9%, respectively.
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